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COMPILER-BASED SCHEDULING 
OPTIMIZATION HINTS FOR USER-LEVEL 

THREADS 

BACKGROUND 

1. Technical Field 
The present disclosure relates generally to information 

processing systems and, more speci?cally, to improved e?i 
ciency for scheduling of user-level threads that are not sched 
uled by an operating system. 

2. Background Art 
An approach that has been employed to improve processor 

performance is knoWn as “multithreading.” In software mul 
tithreading, an instruction stream may be divided into mul 
tiple instruction streams that can be executed in parallel. 
Alternatively, multiple independent softWare streams may be 
executed in parallel. 

In one approach, knoWn as time-slice multithreading or 
time-multiplex (“TMUX”) multithreading, a single processor 
sWitches betWeen threads after a ?xed period of time. In still 
another approach, a single processor sWitches betWeen 
threads upon occurrence of a trigger event, such as a long 
latency cache miss. In this latter approach, knoWn as sWitch 
on-event multithreading (“SoEMT”), only one thread, at 
most, is active at a given time. 

Increasingly, multithreading is supported in hardWare. For 
instance, in one approach, processors in a multi-processor 
system, such as a chip multiprocessor (“CMP”) system, may 
each act on one of the multiple softWare threads concurrently. 
In another approach, referred to as simultaneous multithread 
ing (“SMT”), a single physical processor is made to appear as 
multiple logical processors to operating systems and user 
programs. For SMT, multiple softWare threads can be active 
and execute simultaneously on the single physical processor 
Without sWitching. That is, each logical processor maintains a 
complete set of the architecture state, but many other 
resources of the physical processor, such as caches, execution 
units, branch predictors, control logic and buses are shared. 
For SMT, the instructions from multiple softWare threads, 
each on a distinct logical processor, execute concurrently. 

For a system that supports concurrent execution of soft 
Ware threads, such as SMT and/or CMP systems, an operating 
system application may control scheduling and execution of 
the softWare threads. Typically, hoWever, operating system 
control does not scale Well; the ability of an operating system 
application to schedule threads Without negatively impacting 
performance is commonly limited to a relatively small num 
ber of threads. Accordingly, a system may be implemented 
such that user-level threads are scheduled by a program in the 
user space rather than being scheduled by an operating sys 
tem. One such system is discussed in co-pending application 
U.S. Ser. No. 11/235,865, ?led Sep. 26, 2005. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the present invention may be understood 
With reference to the folloWing draWings in Which like ele 
ments are indicated by like numbers. These draWings are not 
intended to be limiting but are instead provided to illustrate 
selected embodiments of a computer-accessible medium, 
system and methods to judiciously schedule user-level 
threads in a multithreaded system based, at least in part, on 
scheduling hints from a compiler. 

FIG. 1 is a block diagram presenting a graphic representa 
tion of a general parallel programming approach for a multi 
sequencer system. 
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2 
FIG. 2 is a block diagram illustrating shared memory and 

state among threads and user-level threads for at least one 
embodiment of user-level multithreading. 

FIG. 3 is a block diagram illustrating various embodiments 
of multi-sequencer systems. 

FIG. 4 is a data How diagram illustrating at least one 
embodiment of a multi-sequencer multithreading system that 
supports user-level threads and receives scheduling hints 
from a compiler. 

FIG. 5 is a ?owchart illustrating at least one embodiment of 
a method for generating compiler hints for user-level thread 
scheduling. 

FIG. 6 is a block diagram illustrating at least one embodi 
ment of a runtime user-level thread scheduler capable of 
utiliZing compiler-generated hints to guide scheduling deci 
sions. 

FIG. 7 is a data How diagram illustrating at least one 
embodiment of method for utiliZing a locality hint to guide 
user-level thread scheduling decisions. 

FIG. 8 is a conceptual data How diagram illustrating an 
example of locality-based migration. 

FIG. 9 is a block diagram illustrating at least one embodi 
ment of a system capable of performing disclosed techniques. 

DETAILED DESCRIPTION 

The folloWing discussion describes selected embodiments 
of methods, systems and articles of manufacture to improve 
ef?ciency of scheduling for multiple concurrently-executed 
user-level threads of execution (sometimes referred to herein 
as “shreds”) that are not created or scheduled by the operating 
system. The shreds are instead scheduled by a scheduler 
routine that can dynamically adapt shred scheduling based on 
information provided, at least in part, by a compiler. The 
compiler-provided information is in the nature of a hint, 
Which may be disregarded by the scheduler Without impact 
ing program correctness. Such information is generated by 
the compiler independently, Without user directives or other 
pragmatic information. 
The shreds may be scheduled to run on one or more OS 

sequestered sequencers. The OS-sequestered sequencers are 
sometimes referred to herein as “OS-invisible”; the operating 
system does not schedule Work on such sequencers. The 
mechanisms described herein may be utiliZed With single 
core or multi-core multithreading systems. In the folloWing 
description, numerous speci?c details such as processor 
types, multithreading environments, system con?gurations, 
and numbers, type and topology of sequencers in a multi 
sequencer system have been set forth to provide a more thor 
ough understanding of the present invention. It Will be appre 
ciated, hoWever, by one skilled in the art that the invention 
may be practiced Without such speci?c details. Additionally, 
some Well knoWn structures, circuits, and the like have not 
been shoWn in detail to avoid unnecessarily obscuring the 
present invention. 
A shared-memory multiprocessing paradigm may be used 

in an approach referred to as parallel programming. Accord 
ing to this approach, an application programmer may split a 
softWare program, sometimes referred to as an “application” 
or “process,” into multiple tasks to be run concurrently in 
order to express parallelism for a softWare program. All 
threads of the same softWare program (“process”) share a 
common logical vieW of memory. 

FIG. 1 is a block diagram illustrating a graphic represen 
tation of a parallel programming approach on a multi-se 
quencer multithreading system. FIG. 1 illustrates processes 
100, 103, 120 that are visible to an operating system (“OS”) 
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140. These processes 100, 103, 120 may be different software 
application programs, such as, for example, a Word process 
ing program, a graphics program, and an email management 
program. Commonly, each process operates in a different 
virtual address space. 

The operating system (“OS”) 140 is commonly responsible 
for managing the user-de?ned tasks for a process (e.g., pro 
cesses 103 and 120). While each process has at least one task 
(see, e.g., process 0 and process 2, bearing reference numerals 
100 and 103, respectively), others may have more than one 
(e. g., Process 1, bearing reference numeral 120). The number 
of processes illustrated in FIG. 1, as Well as the number of 
user-de?ned tasks for each process, should not be taken to be 
limiting. Such illustration is for explanatory purposes only. 

FIG. 1 illustrates a distinct thread 125, 126 for each of the 
user-de?ned tasks associated With a process 120 may be 
created in operating system 140, and the operating system 
140 may map the threads 125, 126 to thread execution 
resources. (Thread execution resources are not shoWn in FIG. 
1, but are discussed in detail beloW.) Similarly, a thread 127 
for the user-de?ned task associated With process 103 may be 
created in the operating system 140; so may a thread 124 for 
the user-de?ned task associated With process 0. 

The OS 140 is commonly responsible for scheduling these 
threads 125, 126, 127 for execution on the execution 
resources. The threads associated With the same process typi 
cally have the same virtual memory address space. 

Because the OS 140 is responsible for creating, mapping, 
and scheduling threads, the threads 125, 126, 127 are “vis 
ible” to the OS 140. In addition, embodiments of the present 
invention comprehend additional user-level threads 130-139 
that are not visible to the OS 140. That is, the OS 140 does not 
create, manage, or otherWise acknoWledge or control these 
additional user-level threads 130-139. These additional 
threads, Which are neither created nor controlled by the OS 
140, and may be scheduled to execute concurrently With each 
other, are sometimes referred to herein as “shreds” 130-139 in 
order to distinguish them from OS-visible threads and to 
further distinguish them from PTHREADS or other user 
level threads that may not be executed concurrently With each 
other for the same OS-visible thread. The shreds are created 
and managed by user-level programs (referred to as “shred 
ded programs”) and may be scheduled to run on sequencers 
that are sequestered from the operating system. The OS 
sequestered sequencers typically share a common set of ring 
0 states as OS-visible sequencers. These shared ring-0 archi 
tectural states are typically those responsible for supporting a 
common shared memory address space betWeen the OS-vis 
ible sequencer and OS-sequestered sequencers. For example, 
for an embodiment based on IA-32 architecture, CRO, CR2, 
CR3, CR4 are some of these shared ring-0 architectural 
states. Shreds thus share the same execution environment 
(virtual address map) that is created for the threads associated 
With the same process. 
As used herein, the terms “thread” and “shred” include, at 

least, the concept of a set of instructions to be executed 
concurrently With other threads and/or shreds of a process. 
The thread and “shred” terms both encompass the idea, there 
fore, of a set of softWare primitives or application program 
ming interfaces (API). As used herein, a distinguishing factor 
betWeen a thread (Which is OS-controlled) and a shred (Which 
is not visible to the operating system and is instead user 
controlled), Which are both instruction streams, lies in the 
difference of hoW scheduling and execution of the respective 
thread and shred instruction streams are managed. A thread is 
generated in response to a system call to the OS. The OS 
generates that thread and allocates resources to run the thread. 
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Such resources allocated for a thread may include data struc 
tures that the operating system uses to control and schedule 
the threads. 

In contrast, at least one embodiment of a shred is generated 
via a user level softWare “primitive” that invokes an OS 
independent mechanism for generating a shred that the OS is 
not aWare of. A shred may thus be generated in response to a 
user-level softWare call. For at least one embodiment, the 
user-level softWare primitives may involve user-level (ring-3) 
instructions that can create a user-level shred in hardWare or 
?rmware. The user-level shred thus created may be scheduled 
by hardWare and/ or ?rmWare and/ or user-level softWare. The 
OS-independent mechanism may be softWare code that sits in 
user space, such as a softWare library. The techniques for 
shred scheduling optimizations discussed herein may be used 
With any user-level thread package. 

FIG. 2 is a block diagram illustrating, in graphical form, 
further detail regarding the statement, made above, that all 
threads of the same softWare program or process share a 
common logical vieW of memory. This common logical vieW 
of memory that is associated With all threads for a program or 
process may be referred to herein as an “application image.” 
For embodiments of the present invention, this application 
program image is also shared by shreds associated With a 
process 100, 103, 120 (FIG. 1). FIG. 2 is discussed herein 
With reference to FIG. 1. 

FIG. 2 depicts the graphical representation of a process 
120, threads 124, 125, 126 and shreds 130-136 illustrated in 
FIG. 1. HoWever, such representation should not be taken to 
be limiting. Embodiments of the present invention do not 
necessarily impose an upper or loWer bound on the number of 
threads or shreds associated With a process. Regarding a 
loWer bound, FIG. 1 illustrates that every process running at 
a given time is associated With at least one thread. HoWever, 
the threads need not necessarily be associated With any shreds 
at all. For example, Process 0 (100) illustrated in FIG. 1 is 
shoWn to run With one thread 124 but Without any shreds at the 
particular time illustrated in FIG. 1. 

HoWever, other processes 103, 120 may be associated With 
one or more OS-scheduled threads as illustrated in FIG. 1. 

Dotted lines and ellipses are used in FIG. 1 to represent 
optional additional shreds. FIG. 1 illustrates one process 103 
associated With one OS-scheduled thread 127 and also illus 
trates another process 120 associated With tWo or more 
threads 125-126. In addition, each process 103, 120 may 
additionally be associated With one or more shreds 137-139, 
130-136, respectively. The representation of tWo threads 125, 
126 and four shreds 130-136 for Process 1 120 and of one 
thread 127 and tWo shreds 137, 139 for Process 2 103 is 
illustrative only and should not be taken to be limiting. The 
number of OS-visible threads associated With a process may 
be limited by the OS program. HoWever, the upper bound for 
the cumulative number of shreds associated With a process is 
limited, for at least one embodiment, only by the amount of 
algorithmic thread level parallelism and the number of shred 
execution resources (eg number of sequencers) available at 
a particular time during execution. 

FIG. 2 illustrates that a second thread 126 associated With 
a process 120 may have a different number (n) of shreds 
associated With it than the ?rst thread 125. (N may be 0 for 
either or both of the threads 125, 126.) 

FIG. 2 illustrates that a particular logical vieW 200 of 
memory is shared by all threads 125, 126 associated With a 
particular process 120. FIG. 2 illustrates that each thread 125, 
126 has its oWn application and system state 202a, 202b, 
respectively. FIG. 2 illustrates that the application and system 
state 202 for a thread 125, 126 is shared by all shreds (for 
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example, shreds 130-136) associated With the particular 
thread. For at least one embodiment, for example, all shreds 
associated With a particular shred may share the ring 0 states 
and at least a portion of the application states associated With 
the particular thread. 

Accordingly, FIG. 2 illustrates that a system for at least one 
embodiment of the present invention may support a l-to 
many relationship betWeen an OS-visible thread, such as 
thread 125, and the shreds 130-136 (Which are not visible to 
the OS) associated With the thread. The shreds are not “vis 
ible” to the OS (see 140, FIG. 1) in the sense that a program 
mer, not the OS, may employ user-level techniques to create, 
synchroniZe and otherWise manage and control operation of 
the shreds. While the OS 140 is aWare of, and manages, one or 
more threads, the OS 140 is not aWare of, and does not 
manage or control, shreds. 

Thus, instead of relying on the operating system to manage 
the mapping betWeen thread unit hardWare and shreds, sched 
uler logic in user space may manage the mapping. For at least 
one embodiment, the scheduler logic may be in a runtime 
softWare library. 

For at least one embodiment a user may directly control 
such mapping by utiliZing shred control instructions or primi 
tives that are handled by the scheduler or other logic in soft 
Ware, such as in a runtime library. In addition, the user may 
directly manipulate control and state transfers associated With 
shred execution. Accordingly, for embodiments of the meth 
ods, mechanisms, articles of manufacture, and systems 
described herein, a user-visible feature of the architecture of 
the thread units is at least a canonical set of instructions that 
alloW a user direct manipulation and control of thread unit 
hardware. 
As used herein, a thread unit, also interchangeably referred 

to herein as a “sequencer”, may be any physical or logical unit 
capable of executing a thread or shred. It may include next 
instruction pointer logic to determine the next instruction to 
be executed for the given thread or shred. For example, the OS 
thread 125 illustrated in FIG. 1 may execute on a sequencer, 
not shoWn, as “Thread A” 125 in FIG. 2, While each of the 
active shreds 130-136 may execute on other sequencers, “seq 
l”-“seq 4”, respectively. A sequencer may be a logical thread 
unit or a physical thread unit. Such distinction betWeen logi 
cal and physical thread units is illustrated in FIG. 3. 

FIG. 3 is a block diagram illustrating selected hardWare 
features of embodiments 310, 350 of a multi-sequencer sys 
tem capable of performing disclosed techniques. FIG. 3 illus 
trates selected hardWare features of a single-core multi-se 
quencer multithreading environment 310. FIG. 3 also 
illustrates selected hardWare features of a multiple-core mul 
tithreading environment 350, Where each sequencer is a sepa 
rate physical processor core. 

In the single-core multithreading environment 310, a 
single physical processor 304 is made to appear as multiple 
logical processors (not shoWn), referred to herein as LP 1 
through LP”, to operating systems and user programs. Each 
logical processor LP 1 through LP” maintains a complete set of 
the architecture state AS 1 -ASn, respectively. The architecture 
state includes, for at least one embodiment, data registers, 
segment registers, control registers, debug registers, and most 
of the model speci?c registers. The logical processors LPl 
LP” share most other resources of the physical processor 304, 
such as caches, execution units, branch predictors, control 
logic and buses. Although such features may be shared, each 
thread context in the multithreading environment 310 can 
independently generate the next instruction address (and per 
form, for instance, a fetch from an instruction cache, an 
execution instruction cache, or trace cache). Thus, the pro 
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cessor 304 includes logically independent next-instruction 
pointer and fetch logic 320 to fetch instructions for each 
thread context, even though the multiple logical sequencers 
may be implemented in a single physical fetch/decode unit 
322. For a single-core multithreading embodiment, the term 
“sequencer” encompasses at least the next-instruction 
pointer and fetch logic 320 for a thread context, along With at 
least some of the associated architecture state, 312, for that 
thread context. It should be noted that the sequencers of a 
single-core multithreading system 310 need not be symmet 
ric. For example, tWo single-core multithreading sequencers 
for the same physical core may differ in the amount of archi 
tectural state information that they each maintain. 
A single-core multithreading system can implement any of 

various multithreading schemes, including simultaneous 
multithreading (SMT), sWitch-on-event multithreading 
(SoeMT) and/or time multiplexing multithreading (TMUX). 
When instructions from more than one hardWare thread con 

texts (or logical processor) run in the processor concurrently 
at any particular point in time, it is referred to as SMT. 
OtherWise, a single-core multithreading system may imple 
ment SoeMT, Where the processor pipeline is multiplexed 
betWeen multiple hardWare thread contexts, but at any given 
time, only instructions from one hardWare thread context may 
execute in the pipeline. For SoeMT, if the thread sWitch event 
is time based, then it is TMUX. 

Thus, for at least one embodiment, the multi-sequencer 
system 310 is a single-core processor 304 that supports con 
current multithreading. For such embodiment, each 
sequencer is a logical processor having its oWn instruction 
next-instruction-pointer and fetch logic and its oWn architec 
tural state information, although the same physical processor 
core 304 executes all thread instructions. For such embodi 
ment, the logical processor maintains its oWn version of the 
architecture state, although execution resources of the single 
processor core may be shared among concurrently-executing 
threads. 

FIG. 3 also illustrates at least one embodiment of a multi 
core multithreading environment 350. Such an environment 
350 includes tWo or more separate physical processors 30411 
30411 that is each capable of executing a different thread/ shred 
such that execution of at least portions of the different threads/ 
shreds may be ongoing at the same time. Each processor 30411 
through 30411 includes a physically independent fetch unit 
322 to fetch instruction information for its respective thread 
or shred. In an embodiment Where each processor 30411-30411 
executes a single thread/ shred, the fetch/decode unit 322 
implements a single next-instruction-pointer and fetch logic 
320. HoWever, in an embodiment Where each processor 30411 
30411 supports multiple thread contexts, the fetch/decode unit 
322 implements distinct next-instruction-pointer and fetch 
logic 320 for each supported thread context. The optional 
nature of additional next-instruction-pointer and fetch logic 
320 in a multiprocessor environment 350 is denoted by dotted 
lines in FIG. 3. 

For at least one embodiment of the multi-core system 350 
illustrated in FIG. 3, each of the sequencers may be a proces 
sor core 304, With the multiple cores 30411-30411 residing in a 
single chip package 360. Each core 30411-3 0411 may be either 
a single-threaded or multi-threaded processor core. The chip 
package 3 60 is denoted With a broken line in FIG. 3 to indicate 
that the illustrated single-chip embodiment of a multi-core 
system 350 is illustrative only. For other embodiments, pro 
cessor cores of a multi-core system may reside on separate 
chips. That is, the multi-core system may be a multi-socket 
symmetric multiprocessing system. 
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For ease of discussion, the following discussion focuses on 
embodiments of the multi-core system 350. However, this 
focus should not be taken to be limiting, in that the mecha 
nisms described below may be performed in either a multi 
core or single-core multi-sequencer environment. 

FIG. 4 is a data How diagram illustrating at least one 
embodiment of a system 400 for a multi-sequencer multi 
threading system that supports shred control. FIG. 4 illus 
trates that the system 400 includes a scheduler routine 450. 
The scheduler routine 450 may be “distributed” in that all or 
a portion of the routine 450 executes on each of multiple 
sequencers 403, 404. For at least one embodiment, the sched 
uler 450 may operates to schedule shreds that are created as a 
result of API-like shred control (e.g., shred_create, shred_ 
fork and/or the like) or shred synchronization (e.g., 
shred_yield, mutex (shred_lock/shred_unlock), critical sec 
tion, and/or the like) instructions or primitives. 
An operating system (“OS”) (see, e.g., 140 ofFIG. 1) may 

operate independently from the scheduler routine 450 to 
schedule OS-managed threads. In contrast, the scheduler rou 
tine 450, rather than a scheduling mechanism provided by the 
OS, schedules the user-level shreds. Each shred is therefore 
scheduled by the scheduler routine 450 for execution, inde 
pendent of OS scheduling logic. Each shred may be sched 
uled to execute on either an OS-sequestered or OS-visible 

sequencer. 
FIG. 4 illustrates that a compiler 402 may receive as input 

a user program 440. The user program may be “shredded” in 
that it may include one or more user-level shred creation 
instructions (or “primitives”). For at least one embodiment, 
the user-level instructions that trigger creation of shreds are 
API-like (“Application Programmer Interface”) shred control 
primitives such as “shred_create” or “shred_fork”. 

The compiler 402 may, When it encounters one of these 
shred control primitives in the shredded application 440, gen 
erate instead a primitive extension that is placed into the 
instrumented code 403 that is produced by the compiler 402. 
That is, the API-like primitives de?ned for interface 442 may, 
for at least one embodiment of the present invention, include 
one or more extensions for passing scheduling hints from the 
compiler to the scheduler (e.g., shred_create_attr, discussed 
beloW in connection With Table 2). The compiler 402 may 
insert such primitive extensions into the instrumented code 
403 for each minimal unit of execution (“MUE”) as is 
described beloW in the section entitled “Generation of Hints 
by the Compiler.” 

In addition, the compiler 402 may also generate in the 
instrumented code 403 one or more instructions to update the 
hint values (see, e.g., values of the attribute table shoWn in 
Table 2, beloW). 

The scheduler routine 450 may receive scheduling hints 
from instrumented code 403 that has been generated by a 
compiler 402 in order to provide hints to the scheduler routine 
450. The compiler 402 may generate initial values for the 
hints based on static analysis or pro?ling of a shredded user 
program 440. (As is mentioned above, the hint values may be 
updated during runtime in response to instructions placed by 
the compiler 402 into the instrumented code 403.) 
As used herein, a “shredded” program is a user-level pro 

gram that includes one or more shred creation/ control primi 
tives or instructions. The hints are generated independently 
by the compiler 402, Without user input such as pragmatic 
information. The hints may be provided from the instru 
mented code 403 to the scheduler 450 via an interface 442. 

The system 400 illustrated in FIG. 4 may thus receive 
compiler- generated hints that may be passed to the scheduler 
450 and may be used by the scheduler 450 to more judiciously 
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8 
perform dynamic shred scheduling in order to improve 
thread-level parallelism for a shredded program. The com 
piler 402 is capable of independently generating the hints, and 
the scheduler 450 can utiliZe the hints to perform more e?i 
cient shred scheduling. 
One of skill in the art Will recogniZe that there may be one 

or more levels of abstraction betWeen the programmer’s code 
440 (e.g., code that includes anAPI-like shred creation primi 
tive) and actual architectural instructions that cause a 
sequencer to execute a shred. 

As used herein, an instruction or primitive described as 
being generated by a programmer or user is intended to 
encompass not only architectural instructions that may be 
generated by an assembler or compiler based on user-gener 
ated code, or by a programmer Working in an assembly lan 
guage, but also any high-level primitive or instruction that 
may ultimately be assembled or compiled into architectural 
shred control instructions. It should also be understood that an 
architectural shred control instruction may be further 
decoded into one or more micro-operations. 

During analysis of the user application 440, the compiler 
402 may identify information (hints) that could be bene?cial 
to the scheduler 450 as the scheduler attempts to dynamically 
optimiZe shred scheduling during run-time. At compile-time, 
the compiler 402 has access to more semantic information 
about the program 440 than the scheduler 450 is exposed to 
during run-time of the user program 440. Based on the 
threaded algorithm that the application developer employs in 
the user program 440, the compiler 402 may statically capture 
and highlight (via passing of hints) potential areas Where a 
run-time scheduler can act to dynamically schedule shreds in 
a manner that enhances performance or reduces poWer con 
sumption. The compiler 402 can thus statically generate hints 
that the run-time scheduler 450 can use during dynamic 
scheduling. Because they are “hints” that do not affect pro 
gram correctness, the scheduler 450 is also free to disregard 
the hints. 

Regarding generation of the hints, a compiler 402 may, 
before the application 440 is executed, perform of?ine depen 
dence analysis to determine Which units of execution in a 
shred occur often and may be performed as an independent 
unit of execution. In this manner, the compiler 402 is able to 
determine Which portions of shred can be performed indepen 
dently, so that each independent portion of Work could be 
allocated to a different physical sequencer (if available at 
runtime), in order to increase thread-level parallelism of the 
program 440. 
The scheduler 450 may also take into account runtime 

feedback as Well as the compiler hints that Were generated 
before runtime. Some of the run-time characteristics of the 
system 400 that the scheduler 450 may take into account, in 
addition to (or instead of) the compiler hints, may include, 
Without limitation, sequencer utiliZation and availability, 
cache con?guration, hoW many shreds have currently been 
scheduled, and the like. 

It should be noted that the sequencers 403, 404 illustrated 
in FIG. 4 need not be symmetric, and the number of sequenc 
ers illustrated in FIG. 4 should not be taken to be limiting. 
Regarding the number of sequencers, the scheduling mecha 
nism 400 may be utiliZed for any number of sequencers. The 
illustration of only tWo sequencers in FIG. 4 is for illustrative 
purposes only. One of skill in the art Will recogniZe that a 
system may include more than tWo sequencers, Which may be 
all of a single sequencer type (symmetric) or may each be one 
of multiple sequencer types (asymmetric). For example, and 
Without limitation, the scheduling mechanism may be imple 
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mented for a multi-sequencer system that includes four, eight, 
sixteen, thirty-tWo or more symmetric and/or asymmetric 
sequencers. 

Regarding symmetry, FIG. 4 illustrates scheduling logic 
450 for a system 400 that may include at least tWo types of 
sequencersiType A sequencers 403 and Type B sequencers 
404. Each sequencer 403, 404 may include or run a portion of 
a distributed scheduler routine 450. The portions may be 
identical copies of each other, but need not necessarily be so. 

The sequencers 403, 404 may be asymmetric, in that they 
may differ in any manner, including those aspects that affect 
quality of computation. The sequencers may differ in terms of 
poWer consumption, speed of computational performance, 
functional features, or the like. By Way of example, for one 
embodiment, the sequencers 403, 404 may differ in terms of 
functionality. For example, one sequencer may be capable of 
executing integer and ?oating point instructions, but cannot 
execute a single instruction multiple data (“SIMD”) set of 
instruction extensions, such as Streaming SIMD Extensions 3 
(“SSE3”). On the other hand, another sequencer may be 
capable of performing all the instructions that the ?rst 
sequencer can execute, and can also execute SSE3 instruc 
tions. 
As another example of functional asymmetry, one 

sequencer 403 may be visible to the OS (see, for example, 140 
of FIG. 1) and may therefore be capable of performing super 
visor mode (e.g., “ring 0” for IA-32) operations such as 
performing system calls, servicing a page fault, and the like. 
On the other hand, another sequencer 404 may be sequestered 
from the OS, and therefore be capable of only user-level (e.g., 
“ring-3” for IA-32) operations and incapable of performing 
ring 0 operations. 

The sequencers of a system on Which the scheduling 
mechanism 400 is utilized may also differ in any other man 
ner, such as footprint, Word Width and/ or data path size, 
topology, memory, poWer consumption, number of functional 
units, communication architectures (multi-drop vs. point-to 
point interconnect), or any other metric related to functional 
ity, performance, footprint, or the like. 

For at least one embodiment, the functionality of type A 
403 and type B 404 sequencers may be mutually exclusive. 
That is, for example, one type of sequencer 403 may support 
a particular functionality, such as execution of SSE3 instruc 
tions, that the other type of sequencer 404 does not support; 
While the second type of sequencer 404 may support a par 
ticular functionality, such as ring 0 operations, that the ?rst 
type of sequencer 403 does not support. 

HoWever, for at least one other embodiment, the function 
ality of sequencer types A 403 and B 404 represent a superset 
subset functionality relationship rather than a mutually exclu 
sive functionality relationship. That is, a ?rst set of 
sequencers (such as type A sequencers 403) provide a super 
set of functionality that includes all functionality of a second 
set of sequencers (such as type B sequencers 404), plus addi 
tional functionality that is not provided by the second set of 
sequencers 404. 

Generally speaking, the system illustrated in FIG. 4 utilizes 
a hybrid approach for dynamic shred scheduling in order to 
take advantage of the particular respective strengths of the 
compiler 402 and the scheduler 450. The compiler 402 has 
full knoWledge of program semantics and is therefore Well 
suited to perform functional decomposition to uncover for a 
shred the minimal units of thread execution (“MUE”) that 
may be performed independently in order to increase thread 
level parallelism. Decomposition may involve global depen 
dence analysis and is therefore more easily performed by the 
compiler than the scheduler. Accordingly, the compiler 402 
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10 
may be able to provide more robust scheduling hints than 
those that could be gleaned by the scheduler 450 during 
run-time; the compiler 402 passes these hints to the scheduler 
450 through the interface 442. 

In contrast, the scheduler 450 is more suited to using the 
information regarding MUE, Which Was gleaned by the com 
piler, to adaptively perform migration and aggregation of 
MUE’ s. The scheduler 450 has full knoWledge of the number 
of processors of the system, the cache con?guration of the 
system, the interconnect topology of the system, and potential 
imbalances in resource distribution and functional asymme 
try among sequencers. Therefore, the scheduler 450 is Well 
suited to adaptively aggregate the MUE’s and/or align 
MUE’ s With available resources at run-time for a given target 
multi-sequencer system. 

In other Words, ?ssion (breaking computations of the 
shreds in a user application 440 into independent units of 
Work and generating the associated hints) is more easily per 
formed by the compiler, While aggregation (that is, aligning 
MUE’s With sequencers in a resource-e?icient manner) is 
better performed by the dynamic shred scheduler 450 at run 
time. 

Accordingly, FIG. 4 illustrates a hybrid approach that 
includes both static and dynamic components in order to 
adaptively deliver the best performance for various different 
runtime platforms. Static analysis or off-line pro?ling is per 
formed by the compiler 402 to generate application-speci?c 
compiler hints, thereby relieving the run-time scheduler from 
performing such dependence analysis at run-time. Dynamic 
utilization of the hints by the scheduler 450 during run-time 
alloWs the scheduling to be performed in a manner that e?i 
ciently utilizes the run-time resources of the particular sys 
tem. 

Interface for Passing Hints from the Compiler to the Sched 
uler. 
As an initial matter, this section discusses at least one 

embodiment of the interface 442 for passing shred scheduling 
hints from the compiler 402 to the scheduler 450. In the 
folloWing sections, further detail is provided regarding hoW 
the compiler 402 may statically generate (either through 
static analysis or off-line pro?ling) the hints and hoW the 
scheduler 450 may utilize the hints during dynamic run-time 
scheduling of shreds. 

Regarding the interface 442, it may be implemented as an 
API (“Application Programmer Interface”) type of interface 
betWeen the compiler 402 and the scheduling logic 450. The 
API that provides the interface 442 may include an attribute 
data structure. Such data structure, referred to herein as an 
attribute table (ATTR), may be maintained by the compiler 
402 and passed to the scheduler 450. On creation of a shred, 
the compiler 402 is thus responsible for setting up the 
attribute data structure for the shred and for passing this 
information to the scheduler logic 450. 
The compiler 402 may maintain and manage a separate 

attribute table for each shred in the compiled application 
program 440. The interface 442 includes primitives that 
explicitly provide for passing of information in the attribute 
table for a shred from the compiler 402 to the scheduler 450. 
For at least one embodiment, these primitives are extensions 
to existing shred creation and control primitives. (See discus 
sion of shred_create_attr, beloW). 
The attribute table may include an entry for each type of 

hint such that it includes all of the optimization hints, for a 
particular shred, that can exist betWeen the compiler and the 
scheduler. The data structure is thus responsible for express 
ing and carrying, for a particular shred, all of the possible 
optimization hints de?ned on the interface 442. Although 
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certain types of hints are described herein, it should be under 
stood that the nature of the attribute table makes it particularly 
amendable to inclusion of additional, or different, types of 
hints than those described herein. 
A data structure that holds optimization hints alloWs future 

amendments to the data structure to be implemented With 
relative ease so that additional, or different, hints may be 
added to the data structure. The attribute table may therefore 
be modi?ed as needed to meet design considerations. 

The information in the table, Whatever hints it includes, 
may be passed from the compiler 402 to the scheduler 450 via 
an API primitive. For at least one embodiment, such primitive 
may be an extension of other shred creation instructions or 
primitives, the extension indicating that the attribute table is 
to be passed as a parameter. For example, a “shred_create” 
primitive may be extended to include the attribute table. An 
example of such at least one embodiment of such an exten 
sion, “shred_create_attr”, may include parameters as shoWn 
beloW in Table 2 (discussed in further detail beloW). 

The attribute table, as indicated above, may contain an 
entry for each type of hint that may be passed from the 
compiler to the scheduler. For at least one embodiment, the 
types of hints included in the attribute table are set forth in 
Table 1, below. 

TABLE 1 

Hint Type Description 

Imbalance Indicates the degree of 
computation associated With the 
MUE. In effect; indicates the 
amount of Work to be performed 
by the MUE, so that load 
balancing may be performed 
Indicates Whether an MUE is 
conformable With other MUE’s, 
Whether it can be aggregated With 
another MUE, and Whether it has 
a dependence With a prior MUE 
Indicates degree of data-sharing 
With other shreds 

Fusion 

Locality 

One embodiment of the attribute data structure may be 
represented in pseudocode as set forth in Table 1A: 

TABLE lA 

Typedef struct { 
int imbalance; 
int fusion; 
int locality; 
int hotspot; 

Upon creation of a shred, the compiler is responsible for 
setting up and maintaining the attribute data structure and for 
passing the attribute data to the scheduler. The compiler may 
do so as folloWs. If the compiler encounters a shred creation 
primitive in the application 440, the compiler generates an 
instance of the attribute table for that shred. The compiler 
populates the attribute table With any hints that are appropri 
ate. The compiler may replace the shred creation instruction 
With a modi?ed shred creation instruction (e.g., “shred_cre 
ate_attr”, discussed beloW in connection With Table 2), Which 
includes the attribute table for the shred as a parameter. In this 
manner, the compiler sets up and populates an instance of the 
attribute table for each shred. 

Regarding hoW the attribute table information is passed to 
the scheduler, reference is made to Table 2. Table 2 illustrates 
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that an API that includes shred creation and control instruc 
tions or primitives may be modi?ed to provide for extensions 
that alloW passing of the attribute table to the scheduler. In 
particular, Table 2 illustrates a modi?cation to the API in 
order to support the neW attribute data structure for a shred_ 
create primitive. Table 2 illustrates a modi?cation to 
pseudocode for the shred_create function that may be per 
formed When a shred_create_attr primitive is executed. The 
function may be part of a softWare program in user space, 
such as a software library. 

TABLE 2 

2.0 API to support shred creation 

void shredicreate( 
shredit>g s, 

sizeit stackisz, 
// return the shred 
// stack size for shred 

shreditaskit funcptr, // pointer to ?mction 
void* arg); // function arguments 

2.1 API extension to support shred creation AND 
attribute data structure 

void shredicreateiattr( 
shredit>g s, // return the shred 
sizeit stackisz, // stack size for shred 
attrit attr // attribute for optimizations 
shreditaskit funcptr, // pointer to ?mction 
void* arg); // function arguments 

Each of the hints passed through the interface 442 in the 
ATTR table may be generated statically by the compiler dur 
ing of?ine analysis of the user program 440. As is illustrated 
in Table 1, above, these hints may include Imbalance/Asym 
metry, Locality, and Fusion hints. These types of hints pro 
vide information that the scheduler 450 may utilize to per 
form dynamic optimizations that migrate, co-locate, and/or 
fuse shreds. 

Generation of Hints by the Compiler. 
Moving to a discussion of the generation of hints, FIG. 5 is 

consulted in conjunction With FIG. 4. FIG. 5 illustrates at 
least one embodiment of a method 500 that may be performed 
by the compiler 402 to generate scheduling hints to be passed 
to the scheduler 450 via the interface 442. The method 500 
may be performed for any compilation unit, such as a pro 
gram. FIG. 5 illustrates that the method begins at block 502 
and proceeds to block 504. 
At block 504, the compiler performs dependence analysis 

to determine Which portions of the shreds in the program may 
be performed independently in order to increase parallelism 
of the program. The compiler 402 may perform this “compu 
tation decomposition” 504 statically (that is, it may be per 
formed o?lline before the user program is executed at runt 
ime). During this decomposition, the compiler 402 may 
identify one or more MUE’s, Which are basic units of Work 
that may be scheduled to execute independently. 

For the degenerate case, for example, if the entire program 
is serial, the MUE is the Whole program; hence the Workload 
is imbalanced. By breaking up the shreds of the user applica 
tion into smaller independent units of Work (MUE’s), the 
compiler may enable the scheduler to address Workload 
imbalance in applications that include shreds. If the compiler 
decomposes 504 the shreds into MUE’s aggressively, the 
scheduler then has larger freedom to adaptively perform run 
time Workload balancing and increase parallelism. 
The decomposition 504 performed by the compiler 402 to 

identify the MUE’s of the user program 440 should also 
satisfy data dependence constraints. For example, if a unit of 
Work is processed independently in a loop iteration, the com 
piler may identify loop iteration as the minimal unit of thread 
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execution, using standard data dependence analysis on the 
loop. In general, if the dependence analysis performed by the 
compiler 402 shows that there is no loop-carried dependence 
among the iterations of a loop, each loop iteration may be 
viewed as an MUE. 

Accordingly, the compiler 402 may perform computation 
decomposition at block 504, in accordance with data depen 
dence constraints, to aggressively identify as many MUE’ s in 
the user program 440 as possible. The more MUE’ s identi?ed 

5 

by the compiler 402 at block 504, the more freedom the 10 
scheduler 450 has to adaptively perform scheduling to 
improve performance. 

In essence, an MUE identi?ed by the compiler at block 504 
is a virtual shred that may be independently mapped to, and 
executed on, a physical sequencer of the system based on 
run-time knowledge. For each MUE that it identi?es, the 
compiler does the following: it inserts a shred creation primi 
tive or instruction into the compiled code, and it generates an 
attribute structure (see, e.g., Table 1A, above) for each MUE. 

Regarding insertion of the shred creation primitive or 
instruction, reference is made to Table 2, above. A modi?ed 
shred creation instruction (Table 2.1) that passes the attribute 
structure as a parameter may be inserted by the compiler for 
each traditional shred creation instruction (Table 2.0) that the 
compiler encounters in the program. Thus, each shred as 
originally programmed is now associated with an attribute 
table. 

However, through dependence analysis, decomposition, 
and/or pro?ling, the compiler may be able to break up the 
original shreds into smaller independent units of work 
(MUE’s). For each of these MUE’s that are identi?ed, the 
compiler inserts an additional modi?ed shred creation 
instruction (Table 2.1) and generates an associated attribute 
structure for each of them. 
One of the hints that the compiler may place into the 

attribute structure for an MUE is an Imbalance hint. FIG. 5 
illustrates that the Imbalance hint is calculated by the com 
piler 402 at block 506. The Imbalance hint may be an integer 
value that represents the degree of computation associated 
with the MUE. This value indicates to the scheduler 450 how 
much “wor ” is involved with the MUE, so that the scheduler 
450 can balance the workload. From block 506, processing 
proceeds to block 508. 

Allowing a compiler to statically group MUE’s into 
threads, as some other known systems do, may lead to load 
imbalances at run-time. For example, the compiler 402 may 
be unaware of certain cache organiZation features of the par 
ticular run-time platform, and therefore be less able than the 
scheduler 450 to adaptively migrate an MUE from an over 
loaded sequencer to another available sequencer, based on 
run-time information about available system hardware 
resources. 

Rather than having the compiler 402 group MUE’s into 
threads, at least one embodiment of the system 400 allows the 
scheduler 450 to aggregate MUE’s for execution if it makes 
sense from a performance-optimization point of view, given 
the scheduler’s full knowledge of the run-time environment. 
Conversely, the scheduler 450 may migrate separate MUE’s 
onto separate sequencers. Further discussion of how the 
scheduler utiliZes compiler-generated hint information to 
perform such optimiZations during run-time scheduling is set 
forth below in the following section. 

Rather than, or in addition to, migrating MUE’s among 
sequencers so that a workload is balanced, at least one 
embodiment of the scheduler 450 may co-locate MUE’s that 
share data on the same, or nearby, sequencers. For example, 
shreds that share data may be scheduled on sequencers that 
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are topologically adjacent to each other and/ or on sequencers 
that share a cache. This type of optimiZation, referred to 
herein as co-location, is a type of migration, but it takes into 
account relationships among MUE’s rather than merely con 
sidering workload balance. 

FIG. 5 illustrates that, after the compiler has identi?ed the 
MUE’s at block 504, it may generate a graph at block 508 to 
represent the compilation unit (which may be, for example, a 
shredded program). For at least one embodiment of the com 
piler 402, the compiler 402 generates 508 the graph in order 
to generate various hints to be passed via the interface 442 to 
the scheduler 450. 

FIG. 5 illustrates that the compiler 402 may generate at 
block 508 a co-location hint that the scheduler 450 may utiliZe 
to perform co-location. The Locality/co-location hints passed 
via the interface 442 from the compiler 402 to the scheduler 
450 let the scheduler 450 know how heavily one MUE shares 
data with other MUE’s. These Locality hints may be gener 
ated in the following manner. 
The graph generated at block 508 is referred to herein as a 

“locality graph”, where each node of the graph is an MUE as 
determined via computation decomposition. The graph may 
then be subjected to certain optimizations, such as graph 
reduction. A weight associated with an edge of the locality 
graph represents the amount of locality between the two 
connecting nodes (MUE’s) of the edge. 

For at least one embodiment, pseudocode for logic to gen 
erate 508 a locality graph is set forth in Table 3. The logic of 
Table 3 may be performed by the compiler 402 at block 508. 
Generally, Table 3 illustrates that the edges of a locality graph 
may re?ect the compiler’s computation of spatial locality, 
temporal locality, near-neighbor (stencil) locality, and reduc 
tion locality among MUE’s. These values, as well as other 
intermediate values that the compiler may utiliZe to generate 
hints on the interface 442, may be maintained by the compiler 
in one or more data structures. At least one embodiment of 

such data structures is set forth in Table 4. Table 3 illustrates 
that the generation of the locality graph may take into account 
one or more of the values maintained in the Table 4 structures 
(generated based on the compiler’s program analysis) as well 
as the estimated cache line siZe: 

TABLE 3 

buildilocalityigraph(aicompilationiunit) 

buildiainodeiforieachiMUE( ); 
for each IR (Namely, compiler’s intermediate representation) 
being analyzed { 

if (reduction found) { 
add locality weight to the edges connecting the MUE’s 
involved in the reduction 

operation 
} else if (stencil found) { 

add locality weight between the near-neighbor MUE’s, 
based on the stencil 

pattern 
} else { 

/* Only current stream element is visible to the kernel */ 
if (streams to different kernels are not conformable) { 

scale the streams to make it conformable 

add weight for temporal locality between MUE’s accessing 
the same data 
add weight for spatial locality between MUE’s accessing 
the same cache line 

} 
} 
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TABLE 4 

Localityit { 
Int Temporal; //degree of temporal locality 
Int Spatial; //degree of spatial locality 

} 
Fusionit { 

Int Conformability; //Is it conformable 
Int Aggregation; //Is there something else to fuse it with? 
Int Dependence; //Is there a dependence with another MUE 

Imbalanceit { 
Int degree; //degree of computation 

The pseudocode shown in Table 3, illustrates that, for at 
least one embodiment, reduction of the locality graph may be 
performed at block 508. A reduction operation indicates that 
data should be communicated between the MUE’s for a par 
allel reduction between the MUE’s. Accordingly, Table 3 
indicates that if a reduction is performed, locality weights are 
added to the edges for the MUE’s involved in the reduction. 

Table 3 also indicates that the locality graph may take 
stencils into account. Stencils are near-neighbor dependences 
such as a[i]:function(b[i—l], b[i], b[i+l]). For at least one 
embodiment, a larger locality weight is added for stencil 
operations than is added for reductions. 

Table 3 illustrates that weights may also be added at block 
508 to the edges of the locality graph to re?ect spatial and 
temporal locality among MUE’s. That is, once the compiler 
has identi?ed the MUE’s it can also then identify the type of 
data that the MUE touches. The compiler 402 may, through 
static analysis or pro?ling, identify locality among MUE’s. 
The compiler 402 may internally record this locality in the 
data structure illustrated in Table 4, and then use these values 
to generate weight values for the edges of the locality graph at 
block 508. 

The weight on an edge of the locality graph may be modi 
?ed to re?ect spatial locality, which takes into account the 
likelihood that different MUE’s may access the same cache 
line. Similarly, an edge between two MUE’ 5 may be modi?ed 
to re?ect that the two MUE’s are likely to access the same data 
(temporal locality). 

For at least one embodiment of the compiler 402, it is 
assumed that temporal locality may provide a larger perfor 
mance bene?t than spatial locality, if taken into account dur 
ing scheduling, because temporal locality addresses use of the 
exact same data between MUE’ 5. Thus, the compiler 402 may 
allocate a higher weight value for temporal locality than 
spatial locality when generating the locality graph. However, 
one of skill in the art will recognize that spatial locality can 
yield the same performance bene?t as temporal locality, if 
taken into account during scheduling, if the runtime cache 
line size is large enough to hold the adjacent data for both 
MUE’s. 

In general, then, at least one embodiment of the compiler 
402 utilizes the following general edge weighting scheme 
during generation of the locality graph: weight for temporal 
locality>:weight for spatial locality>qveight for 
stencil>qveight for reduction. 

FIG. 5 illustrates that processing proceeds from block 508 
to block 510. Based on the information in the locality graph, 
the compiler may generate a co-location hint at block 510. 
The co-location hint may be an integer value representing the 
amount of sharing that an MUE (e.g., the MUE associated 
with the speci?c instance of the ATTR table that includes the 
hint) has with other MUE’s. Using the locality graph, the 
compiler 402 may generate a co-location hint at block 510 
according the pseudocode illustrated in Table 5: 
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TABLE 5 

Generation of Co-Location Hint 

coilocateiforilocality(aicompilationiunit, threshold) 

buildilocality_graph(aicompilationiunit); 
while (there exists an edge whose weight > threshold) { 

/* If multiple edges in the graph have identical weight, one is 
arbitrarily chosen */ 
edge = ?ndiedgeiwithiheaviestiweight( ); 
/* Produce co-locate compiler hint for the two nodes 
corresponding to this edge for 

scheduler */ 
colocateihint(edge); 
/* In the locality graph, the two nodes corresponding to this 
edge are merged into 

one and the remaining edges leaving each node are coalesced */ 
coalesce(edge); 

} 
} 

For the colocate_hint( ) function illustrated in Table 5, the 
hint may be generated by locality value of the two nodes to the 
same value. (Table 7, below, sets forth pseudocode for at least 
one embodiment of a method that the scheduler 450 my 
employ to use the co-location hint to guide the co-location 
decision.) The threshold parameter for the colocate_hint 
function depends on the cache size, cache line size, and the 
inter-processor communication cost. For instance, if the 
machine has larger communication cost, the threshold value 
will be larger to encourage more co-location. From block 510, 
processing proceeds to block 512. 

Another type of hint that may be generated by the compiler 
402 at block 512 relates to “hot spots”. The compiler may 
obtain, through pro?ling, information regarding long-latency 
events such as cache misses. A complier may also obtain 
pro?ling information regarding frequently-executed edges of 
a control ?ow graph. Each of these types of pro?ling infor 
mation may indicate “hot spots” of a programifrequently 
executed or long-latency portions of a program. The faster 
execution of these hot spots may lead to improved perfor 
mance, particularly if the hot spot occurs on a critical thread 
of the multi-shredded program. As is described in further 
detail below, a hint about hot spots may also be taken into 
account by the scheduler 450 when performing workload 
re-balancing. From block 512, processing may proceeds to 
block 514. 

In addition to the Locality and hot spot hint generated by 
the compiler, the compiler 402 may also generate at block 514 
Fusion hints that may be utilized by the scheduler 450 to 
perform a fusing optimization. During the fusing optimiza 
tion, the scheduler 450 may perform a more aggressive co 
location optimization than the co-location of MUE’s based on 
locality. For fusion, shreds are not only migrated so that they 
are co-located, but the computation order may be changed 
among dependent shreds. If the compiler can identify two 
MUE’s separated by a synchronization mechanism, the two 
MUE’s can potentially be “fused”, and the compiler 402 can 
pass one or more hints to the scheduler 450 for run-time 
fusing. 

Fusion should satisfy dependence constraints. For 
example, given two two-deep loop nests, the scheduler 450 
may fuse the loops if: 1) the loops are conformable and 2) 
there is no dependence vector “<,>”. Accordingly, in order to 
support the fusing optimization, the compiler 402 may per 
form fusion feasibility analysis and, based on this analysis, 
maintain a conformability value and a dependence value in its 
internal data structures (see Table 4, above). 
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Conformability requires that the loop bounds of different 
MUE’s to be the same. The compiler indicates that an MUE 
representing a loop is conformable With another MUE repre 
senting a loop if the loop bounds of the ?rst loop and the 
second loop are identical. Such information may be recorded 
in the internal conformability ?eld illustrated in Table 4. 

Regarding dependences, the compiler performs depen 
dence analysis at block 514 to avoid generating a fusion hint 
for MUE’s that Would contravene dependence constraints. 
We say that tWo accesses to data by different MUE’s are 
dependent if they refer to the same location and at least one of 
them is a Write operation. For at least one embodiment, the 
compiler may determine a dependence direction vector (see, 
e.g., dependence ?eld in Table 4). Each vector element cor 
responds to an enclosing loop. The element value can be “<”, 
“I”, “>”, or unknown. A value of “I” means that an MUE 
depends only on itself. A value of “<” indicates that the MUE 
should be executed in its original order and a value of “>” 
indicates that the MUE should be executed in reverse order. 

For example, consider a sample one-level enclosing loop. 
The direction vector element from access A[i] to access A[i] 
can be “<” if i<j. The direction vector element Will be “>” if 
i>j. The direction vector element Will be “I” if iIj. If the 
dependence vector for an MUE is “I”, the MUE may be fused 
Without violating dependence constraints. 

The compiler 402 may, for at least one embodiment, gen 
erate a fuse hint at block 514 for a pair of MUE’S if the tWo 
MUE’s are conformable and if neither MUE has a depen 
dence vector of (<,>). The fuse hint may be generated by the 
compiler at block 514 according to a method illustrated by the 
pseudocode set forth in Table 6: 

TABLE 6 

Generation of Fusion Hint 

fuse(aicompilationiunit) 

for each pair of MUE’s { 
if (no reduction operator && no stencil operator) { 

/* Only current stream element is visible to the kernel */ 

if (streams to both MUE are conformable) { 
if (no scalar code or pointer code between kernels to 
induce dependences) { 

if (no dependence vector With (<, >)) { 
add ?lS? hint for this pair ofMUE’s for 
scheduler 

From block 514, processing ends at block 516. The discus 
sion noW turns to the use of hints, generated by the compiler 
according to the method of FIG. 5, by the scheduler. 
Use of Hints by the Scheduler. 
FIG. 6, Which is consulted in conjunction With FIG. 4, 

illustrates that the scheduler logic 450 may include logic for 
performing each of the runtime scheduling optimiZations 
described in further detail beloW. FIG. 6 illustrates that the 
scheduler 450 may include migration logic 602, co-location 
logic 604, and fusion logic 606. FIG. 6 illustrates that the 
scheduler logic 450 may be part of user softWare 600. The 
embodiment of the softWare 600 shoWn in FIG. 6 is a softWare 
library, but such illustration shouldnot be taken to be limiting. 
The features illustrated in FIG. 6 may reside anyWhere in user 
space. 

In addition to the scheduler 450, the softWare library 600 
may also include shred creation softWare 640 that provides 
for creation of a shred in response to a “create” API-like user 

instruction such as, for example “shred_create_attr” (dis 
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cussed above in connection With Table 2). For at least one 
embodiment, the shred creation softWare provides for cre 
ation of a shred by placing a shred descriptor into a Work 
queue system 650. 
The Work queue system 650 may include one or more 

queues to maintain, for at least one embodiment, descriptors 
for user-de?ned shreds that are in line for scheduling and 
execution and are therefore “pending”. One or more queues 
may be utiliZed to hold descriptors for shreds that are Waiting 
for a shared resource to become available, such as a synchro 
niZation object or a sequencer. The Work queue system 650, as 
Well as the scheduler logic 450, may be implemented as 
softWare. In alternative embodiments, hoWever, the queue 
system 650 and scheduler logic 450 may be implemented in 
hardWare or may be implemented as ?rmWare (such as micro 
code in a read-only memory). 

FIG. 6 illustrates that any or all of the shred scheduler 450, 
shred creation softWare 640, and Work queue system 650 may 
be implemented as part of the run-time library 600. Although 
illustrated herein as softWare logic, one of skill in the art Will 
recogniZe that the functionality of the library 600 may be 
implemented as ?rmWare, as a combination of ?rmWare and 
softWare, and may even be implemented as dedicated hard 
Ware circuitry. 
The run-time library 600 may create an intermediate layer 

of abstraction betWeen a traditional industry standard API, 
such as a Portable Operating System Interface (“POSIX”) 
compliant API, and the hardWare of a multi-sequencer system 
that supports at least a canonical set of shred instructions. The 
run-time library 600 may act as an intermediate level of 
abstraction so that a programmer may utilize a traditional 
thread API (such as, for instance, PTHREADS API or WIN 
DOWS THREADS API or OPENMP API) With hardWare 
that supports shredding. 
The scheduler 450 may perform various optimiZations dur 

ing runtime scheduling of shreds in an attempt to improve 
performance of the shredded program. Described herein are 
three optimiZations that the scheduler 450 may perform based 
on the compiler-generated hints described above: Migration, 
Co-location and Fusion. One of skill in the art Will recogniZe, 
hoWever, that the discussion beloW should not be taken to be 
limiting. Various other optimiZations may be performed, 
based on other hints generated by the compiler 401 and 
passed to the scheduler 450 via the interface 442, Without 
departing from the scope of the claims set forth further beloW. 

Migration. The scheduler 450 bene?ts from the compiler’ s 
MUE determination to perform this optimiZation, Which is 
basically a Workload balance optimiZation. The migration 
optimiZation may be performed by the migration block 602 of 
the scheduler 450. 

Finer granularity in MUE decomposition gives greater 
?exibility to migrate portions of a program to separate 
sequencers (increase parallelism). For this optimiZation, the 
scheduler 450 may utiliZe uses the Imbalance hint, Which is 
an integer value indicating the degree of computation associ 
ated With the shred. For at least one embodiment, this is 
accomplished by associating a “degree of computation” hint 
With the MUE. This hint alloWs the scheduler to knoW a value 
for “hoW much Work” is involved With executing the MUE. 
Using this information, the scheduler 450 may perform el? 
cient load re-balancing among the available sequencers of the 
system at run-time. That is, the scheduler 450 may migrate 
MUE’s of the same original thread or shred to different 
sequencers in order to more e?iciently increase thread level 
parallelism during execution, and/or may aggregate MUE’s 
onto a single sequencer to achieve load balancing goals. 












